A chemical-reactive transport model was used to simulate the sulfuric acid attack of cement pastes based 10 on ordinary Portland cement (CEM I), blended Portland cements (CEM III, CEM IV, and CEM V), and 11 calcium aluminate cement (CAC). This model accounts for the dissolution of cement hydrates 12
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Introduction 23
Concrete can undergo severe deteriorations in sewer pipe conditions, caused by gaseous hydrogen 24 sulphide ( Figure 1 ) [1, 2] . Concrete gravity sewers are divided into two parts: a liquid part and an aerial 25 part (sewer atmosphere). The liquid part contains waste water which is composed of sulfate ions and 26 sulfate reducing bacteria (SRB). The cementitious wall in the aerial part is covered by a biofilm mainly Grandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T Cement and Concrete Research 105 (2018) [126] [127] [128] [129] [130] [131] [132] [133] composed of sulphur-oxidizing bacteria (SOB). Aqueous hydrogen sulfide is produced in the anaerobic 28 zone (waste water stagnation) from the reduction reaction of sulfate ions due to sulfate reducing bacteria. 29
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Then, H2S escapes into the sewer atmosphere, where it is adsorbed onto the cementitious wall [3] . Due 30 to the high relative humidity at the surface of the wall, gaseous hydrogen sulphide dissociates into 31 hydrogen ions and sulfide ions. Hydrogen ions contribute to surface pH neutralization, giving rise to the 32 biofilm development [4] . Under such aerobic conditions, sulfide ions oxidize into several sulphur 33 species, which are used as nutrients for the microorganisms of the biofilm. Sulfuric acid is produced by 34 the oxidation reactions of these sulphur species [5, 6] . This acid attacks the cementitious walls and 35 produces gypsum and ettringite [7, 8] , which are expansive and cause severe damage of the sewer 36 system. The sulfuric acid produced by these microorganisms diffuses through the altered layer and 37 continually attacks the underlying concrete [9] . 38
Numerical models of acid attack of cementitious materials [10] [11] [12] [13] [14] [15] [16] [17] can be found in the literature. One 39 of these models simulating the biochemical process and the sulfide oxidation is named "Wastewater 40
Aerobic/anaerobic Transformations in Sewer" (WATS) [10, 11] . Another study [12] simulates sulfuric 41 acid attack with a diffusion-reaction based model with a moving boundary to predict the corrosion rate. 42
A reactive-transport model (HYTEC [13] ; [14] ) was also used to simulate the attack of cementitious 43 materials by different types of organic acids. This model takes into account chemical interactions 44 between these different organic acids and hydrates of cementitious materials based on Portland cement. 45
Another model [15] has been proposed to simulate the acid attack of OPC and is based on the HYTEC 46 model [14] . In this model, the dissolution of the main hydrates of the cementitious materials and the 47
All the dissolution reactions implemented in the new model are listed in Table 2 , for the heterogeneous 120 reactions (in solid and aqueous phases) and in Table 3 for the homogeneous reactions (in only aqueous 121 phase). The thermodynamic constant values are obtained from a data base (CEMDATA14.01). This 122 system contains stable and metastable phases. For CAC materials, Damidot et al. [31] determined that 123 the metastable phase AFm crystallizes only when CAH10 and C2AH8 are formed at 25°C, whereas the 124 stable phase AFt (ettringite) crystallizes only when C3AH6 is formed. As a result, in this system, AFm 125 does not precipitate during the simulation. 126
Stability of solid phases 127
The stability of each solid phase can be described by the equality between the equilibrium constant (K) 128 and the ion activity product (Q). The ratio between Q and K defines the saturation index β. If β is lower 129 than unity, the solid phase would not precipitate and if β is greater than unity, the solid phase would 130 precipitate. For each solid phase, a saturation index is defined as a function of βCH, βAH3, and aH2SO4, 131 Grandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T., Modelling of the sulphuric acid attack on differents types of cementitious materials, Cement and Concrete Research 105 (2018) [126] [127] [128] [129] [130] [131] [132] [133] according to equations 1 to 6. βCH, βAH3, and aH2SO4 are respectively the saturation indexes of portlandite 132 and gibbsite and the activity of H2SO4 (taken equal to H2SO4 concentration) and they are considered as 133 primary variables. After the Gibbs phase rule, the system CaO-SO3-Al2O3-H2O has 3 degrees of freedom 134 at the most (at constant pressure and temperature), namely βCH, βAH3, and aH2SO4. The other saturation 135 indexes can be derived from the mass action law under the form: 136 
) 142
From equations 1 to 6, the stability zones of each solid phase included in this system are plotted in the 143 phase diagram (Figure 2) . 144
The continuous decalcification of C-S-H, during acid attack, is simulated in the present study by a 145 thermodynamic approach presented in [32] . 146
Kinetic law 147
Portlandite, AH3, and C-S-H are assumed in equilibrium with the solution. Dissolution and precipitation 148 rates for C3AH6, gypsum, ettringite, and AFm are governed by a simple kinetic law (Equation 7). 149
In Eq. (7), nA is the amount of solid A in mol/L, RA is the kinetic factor of the solid A in mol/L/s and βA 151 is the saturation index of the solid A. 152 Grandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T., Modelling of the sulphuric acid attack on differents types of cementitious materials, Cement and Concrete Research 105 (2018) [126] [127] [128] [129] [130] [131] [132] [133] The kinetic factors introduced in this law (RC3AH6, RAFt, RAFm, and Rgypsum) are adjusted so that 153 equilibrium is quickly reached. Indeed, this kinetic law is governed by interface reactions. But, interface 154 reactions are quicker than diffusion of aqueous species in the porous system in cementitious materials. 155
As a result, the kinetic factors should be fixed as high as possible value, so as to get a saturation index 156 as close as possible to 1. But, the model does not converge with too big kinetic factors, so some 157 simulation tests are performed by increasing the factors as high as possible. The values chosen are 158 presented in Table 4 . The molar volume of C-S-H (VC-S-H) included in equation 9 is a function of the calcium to silicon ratio, 167 according to [15] . 168
Where x is the calcium to silicon ratio at a fixed time of sulfuric acid attack, x0 is the initial calcium to 170 silicon ratio of the cement paste (C/S =1.7), "4#4$ 3 and VSH are the molar volumes of C-S-H at the 171 initial state (78 cm 3 /mol for C1.7SH2.1) and of silica gel (29 cm 3 /mol). 172
Reactive transport model 173
The system is controlled by chemical equilibrium but also by the transport of aqueous species. The 174 coupling between these two mechanisms is taken into account within the modelling platform Bil [33], Grandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T 
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based on the finite volume method. This coupling is treated with a mass balance equation ( The initial H2SO4 concentration in the pore solution of samples is set to 10 -32 mol/L, a very small value 198 Grandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T., Modelling of the sulphuric acid attack on differents types of cementitious materials, Cement and Concrete Research 105 (2018) [126] [127] [128] [129] [130] [131] [132] [133] consistent with the stability of the cement hydrates. At the boundary surface, the H2SO4 concentration 199 is set to 10 -1 mol/L, in order to study the deteriorations in extreme conditions. The damage model caused 200 by gypsum formation as modeled in [15] was not extended to CAC system because this is ettringite 201 which is mainly formed in CAC. So, in order to compare the durability of cement pastes, the 202 deterioration depth is introduced as the distance between the first point where the porosity exceeds the 203 initial porosity and the boundary surface. 
Profiles of the solid contents for ordinary or blended Portland cements 211
As indicated in Figure 3 , the initial amount of portlandite for CEM I, CEM III, CEM IV, and CEM V 212 cements (Table 1) , is completely dissolved into calcium and hydroxide ions at a distance of 2-3 mm 213 (depending on cement type) from the boundary surface. The depth which corresponds to this total 214 dissolution, defines the dissolution front of portlandite. 215
The calcium to silicon ratio, drops down to 0 at a depth equivalent to the dissolution front of portlandite 216 and corresponds to the decalcification front of C-S-H. This total decalcification (C/S = 0) infers that C-217 S-H turns into silica gel near the boundary surface. 218
These two dissolutions induce the presence of calcium ions at the common dissolution and 219 decalcification fronts of portlandite and C-S-H, and these ions react with sulfate ions from sulfuric acid 220 solution and form a gypsum layer. The thickness of the gypsum layer is 2.0 mm for CEM I and CEM V 221 cements and 2.4 mm for CEM III and CEM IV cements. The gypsum content at the surface reaches 222 around 6 mol/L for all the Portland cements. Moreover, ettringite in ordinary or blended PortlandGrandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T., Modelling of the sulphuric acid attack on differents types of cementitious materials, Cement and Concrete Research 105 (2018) [126] [127] [128] [129] [130] [131] [132] [133] cements is considered negligible. The detection of this phase is infrequent in experimental studies [24-224 26] . 225
For the ordinary and blended Portland cements, porosity is equal to the initial porosity of each 226 cementitious material until reaching the corresponding depth to the dissolution and decalcification fronts 227 of portlandite and C-S-H. Indeed, when the two hydrates start to dissolve, new porous space is created 228 and is partially filled by the precipitation of gypsum, leading to a porosity increase near the boundary 229
surface. This porosity increase shows that gypsum does not fill the total porosity and its swelling cannot 230 provoke structural damages. 231
Profiles of the solid contents for CAC cement 232
A different behavior is observed for the calcium aluminate cement. The acid attack (Figure 3 ) leads to 233 a partial dissolution of the hydrogarnet (C3AH6). Indeed, the initial hydrogarnet amount is equal to 234 2 mol/L and decreases to 1.75 mol/L, after 1 year of sulfuric acid attack. The hydrogarnet dissolution is 235 slower than portlandite dissolution and C-S-H decalcification observed in Portland cements. Gypsum 236 does not precipitate in this cementitious material, the saturation index being lower than 1 during the 237 simulation whereas the gibbsite and ettringite precipitate. The ettringite precipitation is due to the 238 reaction between calcium ions and aluminum ions from the partial dissolution of the hydrogarnet and 239 sulfate ions from the sulfuric acid solution (the maximum amount reached is 1.8.10
-1 mol/L). This 240 precipitation tends to clog up the pores of this cementitious material, with the porosity reaching a value 241 close to zero (10 -10 %) at the depth corresponding to the maximum amount of ettringite. When the pH 242 of the system drops down below 10.7, ettringite starts to dissolve [22] and causes an increase of porosity 243 which reaches at the boundary surface a value slightly greater than the initial porosity of the CAC ( Table  244 1). The gibbsite forms near the boundary surface with a maximum content reaching 1.5.10 -1 mol/L. This 245 solid phase fills pores but this precipitation does not compensate the voids created by the dissolution of 246 ettringite (the molar volume of ettringite is 710 cm 3 /mol, whereas that of gibbsite is 64 cm 3 /mol), 247 resulting in an increase of porosity. As shown in the phase diagram (Figure 2) , gypsum is not stable in 248 presence of hydrogarnet. This is why simulations don't find any gypsum. However, in some 249
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experimental studies [35] , gypsum can be found in the near surface zones of CAC binders attacked by 250 sulfuric acid. 251
Damage caused by the ettringite precipitation is not implemented in this study. Experimental studies 252 [20, 21, 36] have shown some degradations that were explained by the important expansion of ettringite 253 precipitation (needle like crystals creating locally micro-cracking). In the present study, ettringite fills 254 the porous space and prevents the sulfuric acid from penetrating into the cementitious material. This 255 phase has then a protective function. 256
Determination of the deterioration depth and of weight loss for different cementitious material 257 types 258
The porosity profiles over depth obtained after one year of acid attack are plotted in Figure 4 . The 259 deterioration depth reached after one year of acid attack and the evolution of this parameter over time 260
for each cementitious material are respectively proposed in Table 5 and Figure 5 . 261
The deterioration depths obtained for CEM I, CEM III, CEM IV, and CEM V cements (Figure 4) are 262 deeper than that obtained for CAC materials. Specifically, the deterioration depth reached after 1 year 263 of acid attack for the CAC material is 10 times lower than that for the ordinary or blended Portland 264 cements (Table 5 and Figure 5) . Therefore, the CAC cement paste is clearly the most sustainable cement 265 in acid conditions. The low deterioration kinetic for CAC materials is observed in many experimental 266 field and laboratory studies [8, 20, 23, 26, 27, 39, 40 ]. In the model, this delaying effect is then due to 267 the better stability of hydrogarnet in acidic conditions than the portlandite and C-S-H and to the ettringite 268 formation, which clogs up the porosity of the material. 269
Several studies showed that an increase of the porosity causes a decrease of the compressive strength 270 [37, 38] . The porosity increases from 11 to 22% for CEM I cement, from 14 to 25% for CEM III cement, 271 from 16 to 26% for CEM IV cement and from 11 to 23% for CEM V cement, whereas the porosity 272 increases from 10 to 13% for the CAC material. The ordinary or blended Portland cements undergo a 273 Grandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T 
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comparable decrease of compressive strength and a more important decrease than that of CAC, 274 highlighted the better resistance of CAC materials to acid attack. 275
Some differences are observed between Portland cements. The deterioration kinetic is quicker for CEM 276 III and CEM IV cements than for CEM I and CEM V cements ( Figure 5 ). These results are mainly due 277 to the high porosity of CEM III and CEM IV cements as compared to the porosity of CEM I and CEM 278 V cements (Table 1) . But, these qualitative important differences between these Portland cements need 279 to be confirmed. Indeed, other hydrates than C-S-H and portlandite for blended Portland cements or 280 anhydrous phases were not taken into account in the model. Specifically, the phases from the hydration 281 of blast furnace slag, natural pozzolans, and fly ashes, leading to C-A-S-H and C-S-H with different C/S 282 ratio and anhydrous phases should be considered. 283
The dissolved calcium contents are determined for each cementitious material after 1 year of sulfuric 284 acid attack and are presented in Table 6 . This parameter is plotted over time ( Figure 6 ) and allows 285 characterizing cementitious materials deterioration, with data about the loss of matter during the acid 286
attack. 287
The dissolved calcium content reached after 1 year of sulfuric acid attack for the Portland cements is 288 more than two times greater than the value for the CAC material (Table 6) 
Long-term prediction 294
The deterioration depths obtained are only calculated over 1 year of sulfuric acid attack. Yuan et al. [15] 295 considered the evolution of the deterioration depth over time as a linear function of the square root of 296 time, i.e. √ . The proportionality with the square root of time is characteristic of a diffusion process. 297
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The values of K for all cementitious materials are shown in Table 7 and are considered equal to 298 deterioration rates. 299
The deterioration rate obtained for the CAC material is 10 times lower than the deterioration rates for 300 the Portland cements (Table 7) . The field tests from literature [8, 38, 39] showed a corrosion rate 4 times 301 lower for the CAC material in regard to CEM I cement. Consequently, this model overestimates the 302 better resistance of CAC materials, but it qualitatively consistent with observations. Moreover, the aim 303 of these simulations is to give chemical-based understanding of the better resistance of CAC cement 304 already observed with in-situ or laboratory tests. The partial dissolution of hydrogarnet shows that this 305 type of cement is constituted of hydrate resistant to acid conditions. 306
Conclusion 307
In this study, the effect of the cementitious material types on the deterioration obtained during 1 year of 308 sulfuric acid attack is evaluated with a chemical-reactive transport model. 309
The main results of the modeling highlight that the deterioration kinetic of the CAC materials is slower 310 than that of other cements (CEM I, CEM III, CEM IV and CEM V), as observed in several field tests. 311
This better resistance is mainly explained by the better thermodynamic stability in acidic conditions of 312 hydrogarnet compared to portlandite and C-S-H and to the ettringite precipitation which prevents the 313 penetration of sulfuric acid with a pore-blocking effect. But, this better resistance needs to be qualified 314 due to the ettringite precipitation, difficult to reconcile with some experimental studies. 315
The main perspectives for this sulfuric acid deterioration model are first, the implementation of a damage 316 model for the gypsum swelling and the ettringite precipitation for all the cementitious materials studied. 317
The second point to improve obviously concerns the consideration of the microorganisms which produce 318 sulfuric acid in sewer networks. Indeed, the factors controlling bio receptivity of cementitious materials, 319 which ultimately steers the acid production, are essential for modelling. Finally, the third point is the 320 inclusion of additional phases for blended Portland cements (blast furnace slag, pozzolans, and fly ashes) 321 in order to better represent these kinds of cements. 322 Grandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T., Modelling of the sulphuric acid attack on differents types of cementitious materials, Cement and Concrete Research 105 (2018) 126-133 Acknowledgment 323 This study was carried out in the frame of the FUI Duranet project and funded by BpiFrance (contract 324 Grandclerc A., Dangla P., Gueguen-Minerbe M., Chaussadent T., Modelling of the sulphuric acid attack on differents types of cementitious materials, Cement and Concrete Research 105 (2018) 
